In today's market, it is no longer sufficient to have better designs than the competition. In order to maximize the product's market potential, it has to be rapidly produced and made available to the market. To reduce their time-to-market period, manufacturers need to shorten their design and development process. It becomes vital that the design architecture solution is derived faster, which can be handful for complex products like an aircraft with the current geometrical-based approaches due to the plethora of physical alternatives to be considered. On the other hand, the search for design architecture solution from functional requirements is theoretically more effective because functional space is comparatively smaller than physical search space. This allows the design efforts to be more focused and this subsequently saves time, efforts and resources. With this notion, there is a driving motivation to adapt functional approaches into the conceptual product design process in order to exploit some of its advertised benefits. In this paper, an example case study of an aircraft conceptual development is presented to highlight possible advantages of approaching architecture solutions from the functional space.
Introduction
An aircraft is one of the most complex, technology-based, engineered systems to be manufactured. In last few decades, the market has gradually changed and many manufacturers are striving to survive the new environment that is now characterized by drastically-shortened production, intensified global competition and increased demands for design variety and complexity [1] . Twin business challenges for aircraft manufacturers today are to design and develop the technologically sophisticated aircraft with affordable cost and in shorter timeframe [2] . In complex product manufacturing such as aircraft, improvement in design productivity strongly governs improvement of its industrial productivity [3] . Among others, this indicates that the exploration of potential design solution space during conceptual stage has to be made more effective and faster. The aircraft design concept selection and development process needs to be supported with reliable methods and tools that assist designers in avoiding costly mistakes while fully exploring the design space for the optimum solution.
Many products today are fundamentally redesigned from their existing predecessors. This puts a higher emphasis on the physical aspects of product design in constraining the development process. For instance, if an existing aircraft is chosen as the reference baseline to be redesigned, the designers will be constrained by existing physical limitations and relationships between its current subsystems. The design process has to be worked out around accommodating these physical constraints since the main idea of redesigning is to not make any unnecessary design changes. Though this helps to ensure that the resultant design will work to a certain extent, it limits the designers in finding new, innovative solutions. On the other hand, the exploration of potential design solutions through functional space is believed to be more flexible. Indeed, physical descriptions of a product design are supposed to be driven by its intended functions; hence the latter should become the constraint of the design process and not the former. The functional space is effectively more generic and hence allows more flexible conceptual building blocks when exploring the potential design solutions. As highlighted by Fig. 1 , the functional requirement to generate lift for aircraft design can be achieved in several possible ways. But if the designer readily has conventional wing design as the final physical realization right from the beginning, it limits the search for innovative design solutions to only the variations of parameters for a conventional wing design as shown in Fig. 2 . This paper aims to highlight how the exploration of the aircraft conceptual design space can be made through its functional analysis. 
Aircraft Functional Analysis
One of the main objectives of the product conceptual design stage is to develop design solution that can fulfill all required functions. In order to derive the design concept from functional approach, the designer needs to explore, define and organize the functional structure of the design. As the product is designed for a particular purpose, the function of its components either independently or collectively as an assembly should enable it to achieve the intended capability. In other words, the purpose or the mission of the product can be further decomposed into hierarchical sub-functions that will support its attainment. In engineering, the term "function" has been characterized from different perspectives. For many researchers, it is taken to represent the relationship of transformation between the input and the output states of material, energy or signal [4] . As suggested by Pahl and Beitz [5] , "function" can be seen as a general input-output relation of a system that is performing a specific task. However, this definition can be limited in terms of describing functions that do not involve any transformation of material, energy or signal states between input and output of the system. To address this limitation, it is proposed that the "function" is better described by the mechanical actions that it involves [4] . In this way, the definition scope for "function" is broaden and becomes more generic. Note that this is the definition adopted by this study. For full exploration of the functional space, the functional tree or breakdown for the aircraft design has to be made without bias or preference on its physical realization. In other words, the purpose or mission of the product needs to be decomposed into its lowest level to the convenience of the designer without thinking on how its physical shape or mechanism will be. For the aircraft manufacturers, it is common to sub-contract suppliers for many of the subsystems design and the manufacturers just need to define the expected design specifications. Therefore, for the functional breakdown, it makes sense in this case to stop at the level where the decision on the physical subsystems is being made. There is no need to proceed further into a much detailed level like up to the "bolts and nuts" since the supplier is the one responsible for detailed design of the subsystem.
Once the functional breakdown tree is fully completed, each of the lowest level sub-function that has been identified can be translated into their possible physical realization. It is common that after selection of physical design mechanism, new "secondary" functions will arise. These are functions that are required subsequent to the selected physical realization. For instance, if an air conditioning subsystem that is chosen to provide cabin environmental control onboard the aircraft has recirculation fan that requires electrical input from outside of the subsystem to be able to operate, a secondary function in conjunction with this need has to be accommodated. In this case, "to provide electrical power" may be the necessary secondary function from the choice of the physical realization of the sub-function "to provide cabin environmental control". Before a physical realization of the identified sub-functions is chosen, the designer can group any relevant or closely similar sub-functions together. By grouping them, it indicates that only a single physical realization is required to cater for all of the grouped sub-functions. This will help to simplify the eventual design and avoid unnecessary design redundancies.
An example functional breakdown of a typical commercial transport aircraft is shown in Fig. 3 . In short, the main mission for a commercial transport aircraft can be taken as "to transport payload from Applied Mechanics and Materials Vols. 446-447 point A to point B". This high level function can be further broken down into its lower sub-functions that will dictate all necessary subsystems of the aircraft design. As discussed before, the functional decomposition is made up to subsystem level since many aircraft manufacturers will not be involved in detailed design of the subsystems. Instead, those decisions are in the hands of their suppliers but the manufacturers still need to ensure that all of the functions are successfully achieved when the different mechanical parts or assemblies come together in the overall aircraft design. After all sub-functions have been identified, their physical realization can be selected or determined. At this stage, decision on physical mechanical components or assemblies can be derived in basically two ways. One is to observe the available off-the-shelf subsystems that can do each identified sub-function while the other way is to give the design specifications to the supplier and let them decide on the physical subsystem design as long as it can meet the functional requirements set forth for it. In the latter case, the supplier has to communicate back on any secondary sub-functions that arise from their proposed subsystem design. This is essential to ensure that the final aircraft design will be able to perform its mission as intended. Fig. 4 shows a sample physical subsystem breakdown for sub-function "provide electrical power". As can be seen, this option for the electrical power subsystem requires mechanical power input from external subsystem to operate some of its components (in this case, mechanical input from the engine is required to drive the electrical generator). Hence the requirement for external mechanical power will become a secondary function if this option is selected. On the other hand, another option for the subsystem architecture is to have its power generation mechanism without the need for mechanical input, for instance solar power harvesting. Since the exploration is done within the functional realm, it is possible to have revolutionary design concepts as long as the function can be successfully achieved without being constrained by the physical design manifestation as yet. Once the functional concept is chosen, only then the physical implementation is considered to ensure that the overall aircraft system can operate as intended and to establish any secondary sub-functions. It should also be noted that the existence of secondary sub-functions is a sign of interrelationship between the aircraft subsystems (i.e. a link between two primary sub-function blocks). If the first option in Fig. 4 is chosen, the need for external power inputs creates an inter-link to sub-functions "to provide mechanical power" blocks.
The fact that the choice of physical subsystems to cater for each identified primary sub-function will dictate the eventual design can be used as a platform to explore innovative design solution. As mentioned before, some sub-functions can also be grouped together and this will subsequently dictate the physical shape and characteristics of the physical subsystem to cater for them. Fig. 5 demonstrates how the decision to group several sub-functions can lead to different design of aircraft configuration. 
Conclusion
This paper aims to highlight the potential conceptual design exploration through functional building blocks instead of the common emphasis on physical product design fixation. With a simple example, the ability to explore different design innovations through functional analysis is demonstrated and discussed. The work presented here is just the beginning of a detailed study on developing a proposal for a new function-based design methodology.
